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(57) Abstract; A method and apparatus for precision laser scanning suitable for precision machining or cleaning using an ultrashort 
pulsed laser beam are disclosed. The apparatus employs a laser source that emits a pulsed laser beam, a dispersion compensation 
scanner that scans the pulsed laser beam, and a focusing unit that focuses the pulsed laser beam from the dispersion compensation 
scannCT on a work piece. The dispersion compensation scanner comprises a first scanning device that scans the pulsed laser beam in 
a first direction and that causes dispersion of the pulsed laser beam. The dispersion compensation scanner further comprises a first 
dispersion compensation device that compensates for the dispersion caused by the first scanning device. Effects of polarization of die 
ultrashort pulsed laser beam on the quality of machining are described. Uses of the invention in direct fabrication of photolithographic 
masks and in work piece cleaning are also described. 
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IHrashort Bolsed Laser Micramachining/Subiiiiinniacfaiii&ig Using An 
Aconstooptic Scanning Device \iifb Dispensto 

PHMttl This disclosure is a coadnnation-iiirpail of U.S. Patent Application 
No. 09/307,710 oititled "Hiree Dimensional Micro Machining with a Modulated 
Ultra-Short Laser Pulse" ffled on May 10. 1999. the entire contents of which are 
inc(nporated herein by leferoice. 

BACKGROUND 

[0002] The present mvention relates to precision laser scanning for machining or 
cleaning a work piece. More particularly, the present invention relates to a 
mefliod and apparatus for high precision laser scanning for micro machming, sub- 
micro machining, or cleaning using an ultrashort pulsed laser beam and an 
acoustooptical deflection device. The present invention is useful for high-precision 
machining of a variety of structures, including photolithographic masks. The 
invention is not intended to be limited to the above-noted uses, howevw. 
I!0003] Laser madiinmg has significant applications in the automobile, aerospace 
and electronics industries for cuttmg. drilling and milling. Salient features of laser 
machinhig include the ability to nudoe small and unique structures and the diility to 
process hard-to-work materials such as ceramics, glasses and con^osite materials. 
High^wer CX), and YAG lasers are conventionally used for laser machinfaig. 
However, conventional laser machinmg sufifers firom problems includmg lou^ 
madiining kerf, existence of a recast layer and large heat-affected zone, and 
restriction to large feature sizes. Hioice, conventional lasrar madiifiing is not 
suitable for pretdsion micromachining. 

[0004] In contrast, in madiining based upon ultrashort pulsed lasers, flie 
mechanism of material rmoval is different from fliat of conventional lasers. 
Moreover, the heat affected zone is negligibly small, and the melt zone is virtually 
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absent in iiltzashoit pulsed laser H»ce, las^inadiiiiuigiismg 

ultrashort laser pulses is suitable for precision inicroinachining, 
[0005] One aqtect of ultrashort pulsed laser TOadiining (also referred to as 
sa>lation) of interest is the effect of beam pol^^ FCT Patent Publfcation No. 
WO 99/55487 ratided ''Mediod and s^pai^ttus for improving the <piaUty and 
efBcienqr of ultrashon-polse laser machining" by Hoang et al. discloses 
controlling the polarization of an ultrashort pulsed laser-beam in a machining 
process. However, the physical mechanism undertying the relationship between 
polarization and its effect on machining has not been explained. 
[OOOdI In addidon» in conventional ultrashort pulsed laser machining, featutes are 
generated by scaiming the ultrashort pulsed laser beam usmg mechanical scanning 
systems, such as gaivano miirors. A main disadvantage of (bcso systems is that 
they are pione to vibration, which can adversely affect the positional accuracy of 
the scanned beam. This effect can be veiy detrimental in attraipts to machine 
features of submicron size. Also, the use of mechanical scanning systems limits 
scanning speed and spatial resolution of the system. 
[0007] AppHcants have recognized that ushigacoustoqptic devices instep 
medianical systems for beam scannii]^ can avoid the above-noted ^ratipn 
problem* >^Ucants have also recognized that the use of acoustooptic devi^ 
lead to noticeable dispersion of die ultrashort pulsed laser beam. It would be 
desirable to have an ultrashort pidsed laser scanning system where dispersion from 
acoustoopdc devices is compensated. 

SUMMARY 

[0008] It should be emphasized fliat the terms ^comprises" and •'con^rismg*, 
when used in this specification, are taken to specify the presence of stated features, 
integers, steps or components; but the use of these terms does not preclude the 
presence or addition of one or more other features, integers, steps, components or 
groups thereof. 
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[0009] Jn one aspect of the inv^ition, a precision laser*scanning apparatus is 
provided. The precision laser-scanning apparatus conq>rises a lasw soutce Cbiat 
emits a pulsed las^ beam, a dispersion con^nsation scann^ tbat scans tbe pulsed 
laser beam, and a focusing unit that focuses the pulsed laser beam fitom the 
dispersion con^nsation scanner on a work piece. The dispersion compensation 
scanner comprises a first scanning device that scans the pulsed laser beam in a first 
direction and that causes dispersion of tiie pulsed las^ beam. The dispersion 
conq)ensation scanner farther conq>rises a first dispersion condensation device that 
cpmpensates for the dispersion caused by the first scanning device. 
[0010] The pulsed laser beam may have a wavelength in the range of 
approximately 100 nm to iq[>pn>ximately 1500 nm, a pulse width in the range of 
approximately 1 miCTOsecond to approximately 1 femtosecond* and a pulse 
rq)etition rate in tiie range of approxhnatcly 10 hertz to approximately 80 
megahertz. In addition, the dispersion compensation scanner may baye a scanning 
resolution in the range of approximately 1 nanometers to approximately 100 
micrometer depending on tlie scanning range. Rurdier, the dispersion 
compensation scanner may have a scanmng random access time in the range of 
approximately 0.01 microseconds to 100 microseconds depending on die rise time 
of the acoustic crystal. 

[0011] In another aspect of the invention, the pulsed laser beam of die precision 
laser-scanning apparatus may have a pulse energy and an intensity sufficient to 
machine a surfiice of work piece. The apparatus may have a spatial machining 
resolution in die range of approximately 0.05 micron to approxmiately 100 
micron. Further, die apparatus may have a spatial machining resolution of 
approximately one-twentieth of a cross-sectional diameter of the pulsed laser beam 
in a focused state at the surface of the work piece. Moreover, the apparatus may 
further comprise a polarization converter that provides a polarization state to the 
pulsed laser beam. The polarization converter may be selected from the group 
consisting of a quarter-wave plate, a half-wave plate, and a depolarizer. In 
addition, the polarization converter may be selected to provide the polarization 
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state d^eodiog upon a desired sh^ of a iiKU^iined feabiie to be gen^atsed on a 
snr&ce of the woxic piece or depending ixpon an abla&>n fbresbold of die woA 
piece. Farther, fiie polarization state msy be selected to be one of a linear 
polarizaticm state for machining an ^jptical fealnre, a dicular polarization state 
formachioing a diccdar feature, and a random polarization state for machining a 
drcular feature. 

[0012] In another aspect of ttie invention, the apparatiis may fu^ 
beam filter that spatially filters the ptdsed laser beam and provides the pulsed laser 
beam with a d^ired oross-sectional size, llie beam filter inay comprise a pm 
with a diameter approximately equal to or greater dian a desired spot size of the 
pulsed laser beam when focused onto the work piece, a first focusing lens that 
focuises the pulsed las^ beam onto the pin hole, a second focusing lens that 
coUimates the pulsed laser beam emanating from the pinhole, and a diaphragm 
that blocks an outer portion of the pulsed laser beam emanating from the second 
focusing lens. 

[0013] In another aspect of die invention the diqiorsion compensation scanner may 
further conqiiise a second scanniog device that scans the pulsed laser beam in a 
second direction different (or perpendicular) from the first direction and diat 
causes dispearsion of the pulsed laser beam, wherem the first dispersion 
conqiensation device conq>ensates for dispersion caused by both the fiorst scanning 
device and tlie second scanning device. The first and second scanning devices may 
be acoustooptic devices, and the first dispersion compensation device may be a 
diffraction grating having a line spacing suitable for compensating the dispersion 
caused by the first and second scanning devices. Alternatively, the first dispersion . 
conq>ensation device may be an acoustooptic device. The first and second 
scanning devices are acoustooptic deflectors, and the first dispersion compensation 
device is an acoustooptic modulator that ftirther provides modulation of the pulsed - 
laser beam wherein the beam is selectively transmitted or blocked with a precision 
ranging from 1 nanosecond to 20 microseconds. The first and second scanning 
devices may be oriented such that the first direction is perpendicular to the second 
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direcdon, and tihe first dispersion compensation device may be oriented at an ang^e 
relative to tlie first scanning device such Oat Ibe first disprasion compensation 
device produces a negative dispmion that counters the resoltant dispcrsion caused 
by the first and second scanning devices. In addition, tiie dispersion condensation 
provided by the first dispersion conq)aisation device may result in a dispersion 
error below approximately 30% over the entire scan range. The first 
conqtensation device, (he first scanning device and the second scanning device may 
be made of tiie same material and may have tiie same acoustic velodty. and the 
center acoustic fiiequenqr of the first condensation devi<:e may chosen such that 
dispersion compensation is optimized for the entire scanning range of the 
apparatus. 

[0014] In anotiier aspect of the invention, the disp^on compensation scanner 
may fuxflier condrise a second scanning device that scans the pulsed laser beam in 
a second direction dififerent firom the first direction and that causes dispersion of 
the pulsed laser beam and may further conq>rise a second dispersion compensation 
device that condensates for dispersion caused by the second scanning device. The 
first and second scanning devices may be acoustooptic devices, and tiie first and 
second dispersion compensation device may be difEraction gratings havmg a tine 
spadng suitable for condensating the dispersion caused by the first and second 
scanning devices. Alternatively, the first and second dispersion compensation 
devices may be acoustooptic devices. The first and second scanning devices may 
be acoustooptic deflectors, and the first and second dispersion condensation 
devices may be acoustooptic modulators that fiutiier provide niodulation of the 
pulsed laser beam wherem the pulsed laser beam is selectively transmitted or 
blocked. In addition, the first and second scanning devices may be oriented such 
that the first direction is perpendicular to flie second direction, and the first and 
second dispersion compensation devices may be oriented such that a direction of an 
acoustic wave in the first dispersion compensation device is perpendicular to a 
direction of an acoustic wave in the second dispersion compensation device, the 
first and second dispersion compensation devices producing a negative dispersion 
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tiiat counters the residtaiit dispersion caused by ffae first and second scanning 
devices. The dispersion compensation provided by the first and second 
c om peasation devices may result in a dispersion error below approximately 30% 
ovGt die entire scan range. The first and second conq)ensation devices and die first * 
and seccmd scanning devices may be made of the same material and have die same 
acoustic velocity, and a center acoustic firequency of tiie first and second dispersion 
con^nsation devices may be chosen such that dispersion conq>ensation is 
optimized for the ^itire scanning range of the apparatus. 
[0015] In another embodiment of the invention, a mediod of scanning a pulsed 
laser beam on a work piece for machining or cleaning the work piece is provided. 
The niediod coniprises emitting a pulsed laser beam ficom a ^ 
the pulsed laser beam on die work piece, scannmg die pulsed laser beam on die 
woik piece using a first scanning device diat scans die pulsed laser beam in a first 
dnection and that causes dispersion of the pulsed laser beam, and compensating for 
die dispersion caused by the first scanning device using a first disi)ersion 
con^nsatibn device. 

[0016] The method may fiufher con^rise machining a sur&ce of die w<Hk piece 
by ablatiiig material fix>m die sur&ce. In addition, die mediod may fimher 
conqirise converting a polarization of die pulsed laser beam to a predetmnined 
polarization state prior to scanning the pulsed laser beam on the work piece. The 
mediod may finrther comprise selecting die predetermined polarization state 
depending upon a desired shape of a machined feature to be generated on the 
surfece of the work piece or depending vcpon an ablation threshold of the work 
piece. The method may further comprise spatially filtering the pulsed laser beam 
to provide die pulsed laser, beam wMi a desired cross-sectional size, 
[0017] In another aspect of the invention the method may further con^>rise 
scanning the pulsed laser beam in a second direction different from the first- 
direction using a second scanning device that causes dispersion of the pulsed laser 
beam, and compensating for dispersion caused by both the first scamiing device 
and the second scanning device using the fiirst dispersion compensation device. 
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The method may fiirther coii^>rise modulatuig the pulsed laser beam nsmg flie first 
dispersion compensation device, flie fiist dispersion 

acoustooptic modulator. The mediod may iurfli^ conq>rise scanning tiie pulsed 
laser beam in a second direction difiterent fixmi tihe first diiection using a second 
scanning device that causes dispersion of the pulsed lase^ 
for dispersion caused by the second scanning device using a second Aspersion 
comp^ssatibn device. The mefliod may fin^r ccwnprim mridii^aring thf> pulsfd 
laser beam using tiie first and second dispersion compensation devices, the first 
and second dispersion coxnpensation devices bemg acoustooptic modulators. 

BRIEF DESCatlPnON OF THE DRAWINGS 
[0018] FIG. 1 is an illustration of a precision laser scanning apparatus suitable for 
precision machining or cleaning according to the present invention. 
[0019] HG, 2A is an illustration showing the phenomenon of dispersion resulting 
from a conventional acoustooptic deflection device. 

[0020] FIG. 2B is an iUustration showing the resultant dispersive effect due to the 
two acoustooptic scanners 

[0021] FIG. 2C is an illustration showing the resultant dispersive value due to the 
two acoustooptic scaimers along the entire scan range (as the frequency iapat to the 
scanner increases) 

[0022] FIG. 2D is an iUustration showing the resultant error after dispersion. 
comi)ensation using an acoustooptic device or grating as a dispersion compensating 
device operating with optimal center frequency or wavelength spacing. 
[0023] FIG. 3 is an illustration showing an approach for dispersion conoy^ensation 
in a single-axis acoustooptic deflection apparatus according to the present 
invention. ; 

[0024] HG. 4 is a side-view iUustration of an exraiplary dispersion compensation 
scann^ in die form of a two-axis acoustooptic deflection apparatus, using two 
acoustooptic devices for disporsion compensation according to the present ; 
invention. 
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[0025] FIG- 5 is an illustration showing tiie top view of the appaiatns iUustiated in 
FIG. 4. 

[0Q26I FIG. 6 is a side-view ilhistration showing an exemplazy dispersion 
compen sa tion scanner in flie form of a two-axis acoiistooptic deflection iqpparalus 
using a single acoustoqptic device for dispersion conqiensation accordii^ to the 
present inventicni. 

[0027] FIG. 7 is an illustration showing Oetcp view - 
illnstrated in FIG. 6. 

[0028] HG. 8 is an iUnstration showing another side view (view BB) of HO. 6. 
[00291 FIG. 9 is an illustration showing flie shape of a machined spot using a 
circularly polarized ultrashiort pulsed laser beam. 

[0030] FIG. 10 is an illustration showing die shape of a machined spot using a 
randomly polarized ultrashort pulsed laser beam. 

[0031] FIG. 11 is an illustration showing the sh^>e of a machined spot using an 
S-polarized ultrashort pulsed laser beam. 

[0032] FIG. 12 is an illustration showing the shape of a machined spot using a 
P-polarized ultrashort pulsed laser beam. 

[0033] FIG. 13 is an illustration of photomask febtication using an ultrashort 
pulsed laser beam prior to ablation of the absorbing layer of the mask blaiik:. 
[0034] FIG. 14 is an illustration of photomask fabrication using an ultrashort 
pulsed laser beam duriqg ablation of the absorbing lay» of ttie mask blank. 

. DETAILBD DESCRIPTION 
[0035] The present invention provides a method and apparatus for machming 
micron and sub*micron features into a sur&ce of a woxk piece and/or cleaning a • 
surface of a work piece using an ultrashort pxdsed laser beam having pulse widths 
preferably of approximately 10 femtoseconds to 100 picoseconds. The machining 
apparatus includes a non-mechanical beam scanner conq>rismg acoustoqptic 
devices (also referred to as acoustooptic deflectors) to scan the laser beam in two 
dimensions (e.g., X and Y directions). The non-mechanical beam scanner may 
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also be referred to as a dispersion coiiq)eiisation scanner as described below. 
[00361 Ultrashort pulsed laser beams have a wavelength spectrum of a certam 
bandwidth aiKl undergo diqpcndon upon on passfa^tte^ , 
acoustooptic devices (e.g., modulattjrs or deflectors) due to different Bragg angles 
for.different wavcleflgths m the wavelength spectn^ Such dispersion can be 
detrimenlal to the rcsohidon of a machhung s^iparatusTililizuig acoustooptic 
devices. 

[0037] In the present mvendon. dispersion of the laser beam due to one or more 
acoustooptic deflectors is con^^nsated by produdpg a counter-dispersion of flje 
laser beam prior to passmg the laser beam through die acoustooptic deflector, such 
that flie counter-dispersion counters the dispersion produced by the acoustooptic 
deflector. SucAcounter-dispersion inay also be referred to as conq)ression. For 
example, dispersion conqiensation according to the present invention can be 
obtamed by using a pair of appropriately positioned and oriented acoustooptic 
_ devices (e.g., modulators) or by using a single acoustooptic device appropriately 
positioned and oriented at a certain angle. The dispersion compensation 
acoustooptic device and the acoustooptic deflector for scanning preferably have 
acoustic mediums (e.g., acoustic crystals) of the same material type and acoustic 
velocity. For exan^Ie, the material may be TeO^ or other suitable acoustic crystal 
known to tfibse skilled in the art. The center ficequency of the dispersion- 
compensation acoustooptic device is preferably chosen such that the dispersion 
conq>ensatioa error is minimized for the entire scanning range. 
[0038] The scanning beam can be focused on a work piece using a focusing unit or 
lens, whidi is preferably a scanning lens, telecentric lens, or the lite, positioned a 
distance from tiie dispersion compens^ttion scaimer approximately e^ual to the 
front focal length (forward working distance) of flie focusing lens. The work piece ' 
is preferably -positioned at approximately the back focal length (bade working 
distance) of the focusing lens. 

[0039] The shape of a machined hole generated in the surface of a work piece was 
found to be dependent on the polarization state of the ultrashort pulsed laser beam. 
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Foraliiieajiypolanzediiltrasto cross- 
section, the machined hole has an ellqytic shapt wheiefai the direction of flie 
dlq>tij^ dqiends on the directioii of polarization of &e b For a chcularty 
polarized beam and a randomly polarized beani^ the machined hole has a circular 
shi^. A possible explanation fin: flie polarization4ependent hole diape is fliat the 
laser ew^gy is absorbed more predominantly along the direction of die electric 
field vector (direction of polarization). Hence, material may be predominantly 
ablated along die direction of fiie electric field vector. Accordingly, polarization 
can be controlled and appropriately shifted to provide opthnized machining 
according to the present invention. For machining cotDplex features, it is 
advantageous to use either circular or randomly polarized ultrashort pulsed laser 
beams. 

[0040] In addition, it was found that the ablation threshold of most of the 
commonly used materials (e.g., gold, silicon, platinum, copper, atumiinim, 
> cbromiam, titanium, etc.) depend on the polarization state of the ultrashort pulsed 
laser beam. The ablation threshold was found to be a minimum for a P-polarized 
ultrashort pulsed laser beam and higiher for an Six>larized ultrashort pulsed laser 
beam. Fbr a circularly polarized ultrashort pulsed laser beam, die ablation 
threshold was found to be slightly higher than that for the P-polarization state. 
[0041] The present invention is capable of producing feature sizes of 1^ than one 
twentiethof the focused spot size of die ultrashort pulsed laser beam. Thisc^nbe 
achieved by precisely controlling the pulsed energy slighdy above the ablation 
threshold of the material and by predsely controlling the number of laser pulses at 
eachtargetspot on the work piece. Also, an ultrashort pulsed laser beam with 
relatively less energy fluctuation facilitates generating smaller feature sizes. The 
present invention using dispersion conQ)ensation acoustooptic devices (e.g., 
modulators) enables very precise control of the nuniber of pulses at each target 
point on the work piece to be machined. Also dispersion compensation 
acoustooptic devices according to the present invention can scan the ultrashort 
pulsed laser beam at very high scanning speed, resolution and accuracy, which are 
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not achievable with mechanical scanning devices. Accordingly, the present 
invention enables m a chining comply nucron and subrmicron features with very 
high speed and accuracy. 

[0042] One use of the present mvention is the fabrication of photolithographic . 
masks (photomaslcs). Using the present invention, the absoibiqg layer of a mask 
bhmk can be removed dkectly with an ultrashort poised laser be^ 
process. The idtrashort pulsed laser beam intensity is preferd>lycontio 
that tiie absorbu^ layer of die mask is removed without affectuig the transparent 
substrate. The present invention can provide a fiist and cost efGective technique for 
photomask production in conqiarison to conventional lidiogrs^hic processes and is 
capable of fabrfcatu^ conqilex photomasks widi micron and sub-micron features. 
[0043] In addition, die present invention can be used for cleaning sur&ces of work 
piecesby an enthely dry process. The mtensity of the ultrashort pulsed laser beam 
is controlled such diat the energy delivered to any spot on the work piece is lower 
thandie ablation threshold of the work piece sur&ce to be cleaned. The beam is ^ 
scanned on tlie surface of the work-piece saople one or more times depending on 
die requirement of cleaning efficiency. Utilizing an ultrashort pulsed laser beam 
for cleaning has several advantages over cleaning with long pulse vtridth laser 
beams such as minimal sub-surface damage, selective-area cleaning, the ability to 
remove very small dust particles (smaller than 100 nm), and avoidance of damage 
to sensitive parts. Of course, the present invention is not intended to be limited to 
the above-noted uses. 

[0044] Exemplary embodunents of the present invention will now be described in 
greater detail in reference to the figureis. 

[0045] One embodiment of the invenidon is a precision laser scanning apparatus 
suitable for micro machining, subrmicro niachtDing, or cleaning employing a 
dispersion compensation scanner DCS, such as illustrated in HG. 1, for example. 
The exenq>lary apparatus illustrated in HG. 1 employs a laser source 10, which 
generates an ultrashort pulsed laser Xxiam 101, preferably of pulse widdi in the 
range of a picosecond or a femtosecond. The pulse can be an amplified pulse or 
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anuii-an5>Medpulsedq?endii«ont^ The apparatus is not restricted 

to ciflier picosecond or fontosecond pulse widtbs, and pulse widths laiger or 
smaller tbm those of flie picosecond or fem^isecond range may be used depending 
on die qipfication reguirraienL Th^ultrashortpulsedlaser beam 101 preferably 
passes through a beamfilterii^ mechanism, which may comprise a focusmg lens 
(otgective lens) 11, an s^^erture (e.g., a pm hole) 12 and a focusing lens 
(col]hnatinglens)13,5adias]IhistEatedinra^ Details of the filtering 
mechanism will be described below> The filt^^d and collimated ultrashort pulsed 
laser beam 104 from the loDS 13lhenpieferabtypassestlut>ugh a circular opening 
or dciphragm 14, which finther inq>roves flic beam quality by trimming the edge 
of the beam* The filtered beam 105 then preferably passes through a polarizer 
(e.g., a bkeftingent medmm) 15. The beam 106 Uicn passes through a dispersion 
conqpensation scanner DCS, which is non-mechanical and which may be a 
combmation of fliree acoustooptic deflectors 16B, 18 and 20, such as illustrated in 
FIG. 6, or Jour acoustooptic deflectors 16, 16A, 18 and 20, such as iUustrated in 
HG. 4. Deflectors 16 and 16A in FIG, 4 and deflector 16B in FIG. 6 may be 
considered dispersion compensation deflectors or dispersion compensation devices. 
Deflectors 16, 16A, and 16B can further serve as acoustooptic modulators for 
selectively blocking and transniitting the beam. The polarizer 15 is preferably a 
zero-order wave plate to rotate the polarization of tlie ultrashort pulsed laser beam 
for maxinwm efficiency of the dispersion conqiensation deflector 16B in die 
exanq>le of HG. 6 (or the dispersion conq>ensation deflectors 16 or 16A illustrated 
in the exanq>le of FIG. 4). 

[00461 The scanning beam 111 from (he dispersion conq>ensation scanner DCS is 
deflected by a beam splitter 21 (e.g., a semitransmissive mirror), and the resulting 
beam 111 passes through a polarization converter (or polarization shifter) 22, 
which dianges the polarization state of the ultrashort pulsed laser beam to different 
states such as circular polarization or linear polarization or elliptical polarization 
or random polarization, depending on the application and tlie machining process. 
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Ttie details on the effects of polarizatioa on micro tnarh^ning will be discussed 
below. 

[0047] The polarization shifted vltra^ort pulsed laser beam 112 then pass^ 
through a focusmg unit (or focusmg.Iens) 23, which is preferably a telecCTtric 
lens, scanning lens, objecdve lens, oil immersion lens, or the like. The beam 113 
from the focush^ lens 23 is focused on flie surfiace or the wod:piece24, which is 
mounted on a stage 25 for movmg the worlrpiece. The stage may have two or 
more motion axes and may provide for linear, rotational, and/or angular movement 
of the work piece in multiple axes or directions. The camera 26 monitors the work 
piece (target) sor&ce ibrough die beam splittn 21. 

[0048] It should be iK>ted Uiat one or more controllers (not shown), such as in U.S. 
Patent Application No. 09/307,710 referred to above, can be used to control the 
dispersion condensation scanner DCS (for beam scanning), the laser source 10 
(e.g., for beam pulse intensity), and the stage 25 (for work piece motion). In 
addition, the controller can control acoustooptic modulators (for beam blocking); 
these acoustooptic modulators can be either internal to the DCS or they can be 
additional devices external to the DCS. Moreover, the controller (not shown) may 
be connected to a con^uter (not shown) programmed to carry out a desired 
machining process as described in U.S. Patent Application No. 09/307 ,710, 
[0049] The ultrashort pulsed laser beam is expected to have a finite wavelength 
bandwidth. Preferably, the wavelength bandwidth is narrow (e.g., 10-20 nm or 
less). This finite bandwidth leads to dispersion of the ultrashort pulsed laser beam 
on passmg through an acoustooptic device (e.g., deflector) as illustrated in HG. 
2A. An ultrashort pulsed laser beam without dispersion compensation, when 
focused onto die work piece, may generate an elUptical rather than ciro^ 
machined spot due to such dispersion. The extent of elliptical shape of die 
machined spot depends upon the distance between the acoustooptic device and the 
surface of the work piece, and also upon the design of the acoustooptic device. 
Shorter wavelength acoustic waves in Che acoustic crystal of the acoustooptic 
device cause relatively greater dispersion. Hence, the amount of elliptical shape of 
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flie machined feature spot will be gieater for shorter wavelength acoustic waves 
and vke versa. Also, larger.distancesb^eeaflie work piece surface and fbe 
acoustoqptic device result in a greater anu35unt of dl^ of dienmchmed 

feature qpoL 

EDO50I Dispersion occurs because acoustooptic deflectors act as movix^ gratings, 
lliescannix^ beam is its first diEGracti(mord^ Tlie separation angle 9 between 
the aseco-coder beam and first-order difiGcactionbeam is escpressed as 

where Aq is the wavelength of the inddent lig^ is the driving fi^quen^ of the 
deflector and is the velocity of the accrastic wave propagating in ^ As 
noted above, an ultrashort pulsed laser is not monochroniatic light but consists of a 
small spectrum b^d (qiproximat&ly 10-20 nm). The lower wavelength portion of 
the spectrum bandwidth will be deflected at an angle less than that of the higher 
wavelength portion of the spectrum. Therefore, the dispersion of laser beam 
occurs. The dispersion angle can be obtamed from tiie separation angle £^ 

where A, and represent tiie hig^h^ and lowest part of the spectrum bandMddOi 
respectively and AA stands for the bandwidth of the spectrum. The spatial profile 
of the lasCT beam will be stretched in the direction of flie acoustic wave, resulting 
in an elliptical beam. This is illustrated in Figures 2A and 2B. In an exemplary 
apparaitus according to the present invention, there can be two acoustooptic 
deflectors. Hence, dispersion can occur m both X and Y axes. Also, the spatial 
profile of the laser beam can be stretched in both axes, resulting in an elliptical 
spot dispersed in a diagonal manner; as shown m Figure 2B. The final dispersion 
angle Ad can be obtained from dispersion angles ia X-axis and Y-axis, and 
A^^,, and is given by 

Ae = jA^7+A^. ' 
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[0051] In ord^ to conq)eiisate for dispersion of the pulsed Ibscc beam, tbe present 
invention provides one or two acoustooptic devices to condensate for dispersion 
caused by one or more acoustooptic deflectors in the dispersion compensation 
scanner used for beam scannrpg. For exanq>Ie» one or two dispersion 
con^nsation acoustooptic devices may be introduced prior to a tworaxis scanning 
acoustooptiCi^flector apparatus as described below. It should be noted, bowever, 
that the diqiersion coni^^isation season can be a sing^ 

two-axis scanner; Moreover, difGtacdon gratings rather than acoustooptic devices 
may be enq[>loyed for dispersion compensation. 

[0052] A pruK^le belund cQspersion conq^nsation acrardimg to the preset 
nwention is to produce counter-diq>ersion in the ultrashort pulsed laser beam prior 
to passing through the scannktg acoustooptic device. In particular, Uie idirection of 
dispersion produced by the dispersion compensation acoustooptic device is 
opposite to that caused by the scanning acoustooptic deflectojr, but the magnitude 
of the dispersion is the same as that produced by the scanning acoustooptic 
deflector. This will be described in greater detail below. 
[0053] Figure 3 illustrates exemplaiy dispersion and dispersion con^nsation in 
more detail. As shown in Figure 3, beam 300 enters the acoustooptic device 200, 
and zero order-beam 302 and first-order beam 301 emanate firom device 200. 
Beam 302 can be blocked with a beam block (not shown) such as described in U.S. 
Patent Application No. 09/307,710. Beam 301 has a narrow band of wavelengths 
between 7^ and 7^ centered about Xq and imdergoes dispersion as a result of Bragg 
diffraction. Dispersed beams 301-1 and 301-n corresponding to and X^, 
respectryely , are shown, where Xi > (for convenience, beams corre^onding to 
other wavelengths are not shown fliroughout fliis discussion, but it wiU be. 
understciod that these beams are present). Given the Bragg relation well known to 
those skilled in the art, beam 301-1 is deflected at a larger angle than beam 301-n. 
As illustrated, beams 301-1 and 301-n then enter deflector 201, resultmg iti zero- 
order beams 303-1 and 303-n and first-order dif&acted beams 304-1 and 304-n. 
Beams 303-1 and 303-n can be blocked with a beam block (not shown). The angle 
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between beam 303-1 and beam 304-1 is 0,, and tiie ai^gle between beam 303^ and 
beam 304-n is 6^. Again, given the Bragg relation, it can be seen 1batO,> 6, 
because X,>X^. Thus, ivbereas beam 301-1 \ras initiany defle 
angle tiban beam 301-11 due to dispesdonl^ device 200. beam 3^ is 
coHespondingly deflected at a greater angle than beam 304-n in (he opposite 
direction as a result of diffraction by deflector 20L Thus » parallel beams 304-1 
and 304-n (and beams at wavelengflis in between) may aax>rdingly be considered 
dispersion-compensated beams. In this regard, deflector 201 may be viewed as 
providing dispersion conq>a]^tion for device 200. Equivalenlly. device 200 may 
be viewed as providing dispersion conqiensation for deflector 201, because if 
deflector 201 were provided alone, flie beam would suffer dispersion abnilar to 
that indicated by beams 301-1 and 301-n. 

[0054] In a single-axis scanning arrangement, such as illustrated in HG. 3, the 
acoustooptic device 200 can be an acoustoopdc modulator oriented at its Bragg 
angle 0|, for iwayimiim efBderu^, In addidon, the acoustooptic deflector 201 can 
be oriented at its Bragg angle for manmnm efficiency. In one embodim^ die 
acoustooptic device 200,and the acoustooptic deflector 201 are oriented such diat 
acousdc waves In the acoustic oystals of the acoustooptic device 200 and deflector 
201 travel m opposite directions to each other, the acoustooptic device 200 
produdng dispersion in an opposite dkection to that caused by the deflector 201. 
Both flie acoustooptic device 200 and deflector 201 can be driven at the same 
center frequency, and the acoustic Gtystals of each can be made of the same 
acoustic material and can have the same acoustic velocity. 
[0055] Even with dispersion compensation, there can be some resultant dispersion 
in the emanadng beam. However, the. amount of this resultant dispersion can be 
decreased as the distance between the acoustooptic device 200 and deflector 201 is 
decreased. In addition, there is a finite beam width "d" corresponding to the 
distance between beams 304-1 and 304-n, but this beam width can be minimized 
by minimizing the distance between devices 200 and 201. Moreover, this beam 
width may be condensed using appropriate optics. 
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[0056] Similarly, for two-axis scanmng, the dispersion conipensatioii scanner may 
en^Ioy two aconstooptic devices positioned prior to conespondiiig acoustooptic 
deflectors for diqiersion compensation. An example of sudi an implemen^tion 
for flie dispersion con^nsation scann^ is illostnuted in FI6.:4 and FIG. 5. 
Acgustooptic dispersion conq;)ensation device 16 is oriented relative to 
. acoustoqpdc deflector l&socditliat the acou^ 
the acoustooptic device 16 and deflector 18 travel in opposite direcdons to each 
ofbsr. Similarly, the acoustocq>tic device 16A and 20 are oriented such ^ 
acoustic waves in die acoustic crystal of die acoustoq^idc device 16A and deflector 
20 travel in opposite dkections to each odicsr. The acoustooptic device 16 and 
deflector 16A and deflectors 18 and 20 are driven at the same center fiequency and 
the acousdc ciystals of each are made ynfh die same specifications, such as 
acoustic velocity and material. The distance "b** illustrated m FIG. 4 is preferably 
made as short as possible to minimize the ellipficity of the resultant dispersion 
compensated scanning beam 111. The distance "b" may be considered a distance 
between an acoustopptical dispersion compensation tmit (e.g., comprising devices 
16 and 16A) and an acoustooptic deflection unit (e.g., comprising deflectors 18 
and 20). 

[0057] An alternative exemplary arrangement for the dispersion compensation 
scanner for two-axis scanning utilizes one aconstooptic dispersion compensation 
device ins^d of two such devices as described above with references to FIGS. 4 
and 5. Referring to the exan^^le ilhistrated in FIG. 6, FIG. 7 and FIG. 8, a single 
acoustooptic dispersion conq)ensation device 16B may be employed rather than 
two acoustooptic devices, such as devices 16 and 16A Ulusttated in HG. 4 and 
HO. S. The acoustooptic dispersion condensation device 16B is oriented such 
that its firstforder beam is dispersed along die same axis and direction as that of 
the resultant beam 111 emanating from the acoustooptic devices. 16 and 16A 
illustrated in HG. 4. That is, the first-order beam 108 emanatmg fiom 16B in 
FIG . 6 has the same characteristic as that of the first-order beam emanating fcom 
16A in FIG. 4. This result is obtained by orienting the acoustooptic dispersion 
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conqi^isation device 16B sudb tbat flie acoustic wave in tbe acoostooptic device is 
traveling in a direction rotated 135 debtees in tbe clockwise direcdon relative to 
the acoustic wave travelix^ in the acoQ^o(q>ticdevi^ In 
odxer words, the ori»tation is sach.diat it produces a disposed beam 108 
emaiy^ting from 16B in FIG. 6 of the same characteristie as dispersed beam 111 
shown in H6. 4 (tbe beam lesuttiug firom the effects of the of acou 
16 and 16A shown in FIG. 4). It should be noted diat tiie acoustooptic device 16B 
and deflectors 18 and 20 are preferably designed for tfte same or diSereot center 
frequency and diat the acoustic crystals are made with the ssone sped£cations» 
such as acoustic vdod^ and material. The distance ''c'' in HG. 6 is prefisrably 
made as short as possible to minimize tbe ell^ticity of tbe resultant dispersion 
con^Dsated scamung beam 111. The distance "c" may be considered a distance 
between an acoustooptic dispersion condensation unit (e.g. , conoprismg 
acoustooptic device 16B) and an acoustooptic deflection unit (e.g., comprising 
deflectors 18 and 20). 

[0058] As ahistrated inHG. 6, wave plate 17 is mtroduced between flie 
acoustooptic device 16B and tlie acoustooptic deflector 18, and wave plate 19 is 
introduced between acoustooptic deflectors 18 and 20 to rotate the polarization 
state of die ultrashort pulsed laser beam to maximize the efBciency of the 
acoustooptic device. Efficiency mflus regard refers to the relative intensities of 
the first-order scanmng beam and the zero-order beam; m a ximi z ing the efficicnqr 
refers to ir^x^^riiig flie intensity of die firstordo: scanmng beam relative to the 
zero-order beam. ' 

[0059] As fer as a two-axis deflector is concerned, an example of die dispersion 
angle of flie laser beam as a function of bandwidfli of driving frequency is shown 
in HG. 2C. As illustrated in FIG. 2C, dispersion mcreases linearly with 
increasing driving frequency in both scan axes, 

[0060] For acoustooptic deflectors, the best performance, including intensiQr 
stabiHty and spatial quality of the first-order diffraction, can normally be obtained 
at the center of frequency bandwidth. Accordingly, to achieve the best results 
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(e.g., best machimiig quaKty). the target surface can ij^icany be located at the 
center of die scanmng range. Therelfore, om^lete dispersion compensation can be 
obtained at dse centiral part of the freqaency bandiiid^ 
[0061] Optimal dispersion compeni^on can be obtained as shown in HG. 2D 
"wbtn a dispersion conqirasation device (e.g., an acoustooptic modulator) is 
operated wifii the center fieqnenc^ of Z MHz, such (hat Z ~ j AT^ + whereX 

MHz and Y MHz are the center firequCTcies of the two acoustooptic deflectors for 
scannmg, respectively. If a diffraction grating is used mstead of an accoustopptic 
device, the gratiiig spacing should be chosen to correspond to tiie effective gratiog 
spadng of an acoustoqptic device driven of Z MHz as described above. 
[00(E2] A spot con^letely free of dispersion can be expected at tiie central point of 
the scanning range. The ratio of dispmion error to dispersion under this 
condition is illustrated in Figure 2D. Dispersion error refers to the amount of 
uncon^nsated dispersion. 

[0063] In ad<Ution, Figure 2D reveals tiiat the ratio of dispersion error to 
dispersion can be controlled to be under 30% at a dispersion compensating 
modulator center frequency of Z MHz (or at an equivalent tine spacing if a 
dif&action grating is used). Moreover, tiie error at the central part of the scanning 
range can be below 6%. In oilier words« the center fi:equency of the dispersionr 
cdmpensation acoustooptic device can be chosen such that the dispersion 
conipensation is optimized for the entire scanning range. Figure 2D illustrates X- 
axis and Y-axis driving frequencies ranging from 80 MHz to 130 MHz (the 

frequency for Z correspondmgly being given by Z = ^X^ ), but it should be 

understood tibat the driving frequencies are not intended to be Ihnited to tiiese 
values. 

[0064] Polarization of tiie ultrashort pulsed laser beam can inq>rove the efBciency 
of cutting. The polarization of the ultrashort pulsed laser beani can be varied by a 
polarization converter (or shifter) 22, which is prefi^ably a half-wave plate. 
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quarter-wave plate or a dqpolarizer. Mcneover, the polarization converter 72 is 
prefersibly sdectable between these options. 
[00<S5] The shape of tiie machined hole can dq)end on tiiepol^^ 
nltiasliort pulsed laser beam. Refeiting to HG. 9, a precision madiinhig 
apparatns according to the present hivoition provides a machined hole wifli a 
cnxndar shape v^en the polarization state of flie ultrashort poised laser beam 113 is 
circularly polarized by tiie polarization converter 22, which is preferabty a quarter- 
wave plate if tlie beam incident thereto is linearly polarized. Also, leferring to 
FIG. 10, the machined hole is circular for a randomly polarized ultrashort pulsed 
laser beam 1 13 produced by the polarization converter 22, whidi is preferably a 
depolarizo: or aiQr other means to obtain randomly polarized tight Foralinearly 
polarized state (S or P polarization) of the ultrashort pulsed laser beam 113 
produced by the polarization converter 22, which is preferably a half wave plate, 
the machined hole becomes a narrow groove, such as illustrated in FIG. 11 and 
FIG. 12, the direction of which depends on the direction of polarization of the 
beam. 

[006^ A possible explanation for the polarization-dq)endent hole shape is that the 
ultrashort pulsed laser energy is absorbed more predominantiy along the direction 
of tiie electric field vector. Also, tiie ablation tiueshold of tiie material may 
depend on tiie direction of pcdarization. The ablation tiireshold of tiie material 
nuiy be relatively low for S polarization, circular polarization and random 
polarization states and relatively high^ for a P polarization state. For the present 
invention, which can provide a polarization-dependent machined hole shape, it is 
preferable to use a circularly or randomly polarized ultrashort pulsed laser beam 
for machining complex featines in both X and Y directions. For cutting straight 
lines, S or P polarization states of the ultrashort pulsed laser beam may be applied, 
depending on the direction of cut. Of course, -circularly and randomly polarized 
beams may be used to cut straight lines as well. 

[0067] The apparatus and technique of the present invention can be applied for 
generating complex features with very high precision and accuracy. An apparatus 
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for micromachining and sub-micromachining acxordii^ to the present invention is 
capable of produdngstructmes with feature The ultrashort 

pulsed laser beam is maneovercd with positional accuracy and spatiaJ 
resolution using dispersion compaasation acoustooptic deflection apparatus. 
Anotiwr advantage of die present mvention is that the scannmg resolution or 
spatial resphitioncanbe aslowas4nmorbdow. And obviously , resohxtion 
above 4 nm is possible. Thescanufa^positionalaccuracy canbeas lowas lOppm 
(parts per: million) or lower. The thne for scannhig between two sucfoitraiy target 
spots on the work piece (random access time) can range from 1 nanosecond to 20 
micro second depending on the ciystal size, laser beam diameter, etc. Obviously, 
slower scanning speed (longer random access thne) is possible, Tbe present 
invention has the capability for precisely controUfaig the number of pulses of the 
ultrashort pulsed, laser beam at each target pomt. Even at very high repetition 
rates of 300 KHz or more of the ultrashort pulsed laser, the number of pulses can 
be controlled down to one pulse at each target point. The pulse-controlling fectoir 
depends on the rise time of the acoustooptic crystals in the acoustooptic deflectors 
and dispersion con^nsation devices. Precise pulse control, high position 
accuraqr, and high scanning resolution in n^mometer range is beneficial to machine 
or ablate complex features x>n the surface of tiie work piece 24. Another advantage 
of the present invention is the utilization of acoustooptic deflectors and 
acoustooptic dispersion-KX>mpensation devices for scanning, thereby providing a 
non-mechanical scanning system. As a result, the system is substantially immime 
to vibration even at very high scannmg speeds. This attribute is advantageous for 
macfaioing sub4nicron-scale, nanometer-scale and micron-scale features. 
[0068] As.noted in U.S. Patent Application No. 09/307.710 referenced above, the 
present invention can provide features smaller than die focused spot size of the 
ultrashort pulsed laser beam by precisely controlling the ultrashort pulsed laser 
beam above the ablation threshold of the material. To achieve such features, the 
number of pulses at each macbinmg point should be precisely controlled and 
optimized for different feature sizes. In addition to the ultrashort pulsed laser 
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Clergy and fbe nuiDber of vltrashDrt laser pulses » the variadon or fbictnatioii in fhe 
energy of fhe ultrashort laser pulses can affect tbo smallest feature size achievable. 
Smaller fluctuations/variations of flie ultrashort laser pulse CTirargy may s^low 
smaller machined feature »zes to adiieved. Machined feature sizes of less than 
one tvrentiefh of fhe focused beam spot size can be obtained by controlling die 
energy of fhe ultrashort laser pulses, the nunober of puk incident at a given 
target spot» and the energy fluctuation of ultrashort pulsed laser beams. 
[0069] The present invention has wide application in micron or sub-micron 
contour formation, direct fabrication of photolidiographic masks (photomasks) at 
very high speed, predse and accurate machining of metals and other materials, 
diin film patterning^ and other ^plications. Currently photomasks are fiibricated 
by using lifhographic processes, which are e}q)ensive and time consuming given 
the muhqile steps involved in the &brication process. Using the present invention, 
however, photomasks can be fabricated by a single-step machining process, where 
the absorbing layer of a mask blank is direcdy removed using ultrashort pulsed 
laser ablation without affectmg the transparent substrate. For exanqple, referring 
to FIG. 13, a mask blank (work piece) comprises a tranq>arent substrate 302 (e.g., 
tnmsparent to UV radiation), on whidi a coating layer 300, whidb has good 
absorption to ultraviolet (UV) radiation, has been deposited. The UV absorbing 
material can be chromium, gold, platinum, tungsten, molybd^mni, odier 
refractory metals, alloys thereof, and the like. The thickness of the deposited layer 
300can vary accordmg to the process . If die coating layer 300 does not have a 
good adherence to fhe substrate 302, a thin bonding layer 301, vMch has good 
adherence to substrate 302, may be coated onto the substrate 302 prior to appljnng 
fhe coating layer 300. . 

[0070] Referring to FIG. 13, the substrate 302 is mounted on the stage 25. The 
pulse energy of fhe laser beam 113 is controlled such that the energy is sufficient 
to ablate or remove the material from the layers 300 and 301 but not sufficient to 
ablate material from the substrate 302. As shown m FIG. 14, the ultrashort pulsed . 
laser beam 113 ablates or removes material from layers 300 and 301 without 
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removing material from the substrate 302. This can be adiieved by dioosing flie 
materials aiid/or the proc^sss panimetecs suc^ tfa^ 
removing the substrate material 302 is higher 1]^ 

coating layers 300 and 301. Using 4fae present invention, a photomask having 
complex features can be fabricated in a single by scanniiig the ultrashort 
pulsed laser.beam usmg acoustooptic devices. The stage 25 allows translatiiig die 
mask blank betwem machining periods. This sq^yproach can be fi&ster and more 
cost dETecdve con^ared to conventional lithographic processes and is capable of 
&bricating photomasks with sub-micron features. 

IP071] In addition, the apparatus and technique of the present invention can be 
utilized for cleanii^ the sur£u:es of work pieces by an entirely dry process using 
ultrashort pulsed laser beams preferably with pulse widths of approximately one 
picosecond to one f^tosecond). The intensity and energy of the ultrashort pulsed 
laser beam 1 13 can be precisely controlled by varying the efiBciency of the 
acoustooptic devices or by any other precise intensity control tnechanism. 
Efficiency of the acoustooptic devices can be controlled by varying the input 
power to the respective acoustooptic crystals (for lower input power, efBciency 
and hence beam intensity are lower, and vice versa). The intensity is controlled 
such that the energy delivered to any spot on the work piece 24 is lower than the 
ablation threshold of the work piece 24. The beam is then scanned over the wotk 
piece saniple one or more times depending on the requirement of cleamng 
efficiency. Using an ultrashort pulsed laser beam of pulse widdi in the range of 
one picosecond to one femtosecond for cleaning has a number of advantages. Foi: 
example, subsurface damage is absent or very minimal, damage to sensitive parts 
is avoided, the method is suitable for selective area cleam^ there is no need for 
liquids and hence no hydrostatic shodc (the process is dry), and very small 
contaminant particles (e.g., dust particles) including particles smaller than 100 nm, 
can be removed. 

[0072] The invention has been described with reference to exemplary 
embodiments. However, it will be readily apparent to those skilled in the art that 
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U is pos^Ie to enibod/ tibe hiveiiticm other flian those of the 

emlKxlhneiits descri^ Tliis my be done without dqiattmgfi^ 
of Ae invention. The exen^laiy embodiments are merely illustrative and sbould 
not be considered restrictive in any way * The scope of the invention is given by 
therappended claims, rather than the preceding description, and all variations and 
equivalent^ vMch fall within the range of the claims are intended to be onbraced 
therein. 
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What is claimed is: 

1. y A precisioa laser^caimiiig appan^ 
a las« souice tliat emits a pissed laser beam; 

adispersioacompeiisadonscaimertbat-scansffaep^ and 
a focusiqg miit that focuses tibe pulsed laser beam from tiie dispmion 

compensation scam^ onto a wodci»ece, wherein flie dispersion compensation 

scanner comprises 

a first scanniqg device diat scans tbe poised laser* beam in a first direction 
and Oat causes dispersion of the pulsed laser beam, and 

a first dispersion con^nsation device that con^nsates for the dispersion 
caused by the first scannmg device. 

2. The apparatus of claim 1, wherein the pulsed laser beam has a 
wavelength in the range of approximately 100 mn to approximately 1500 nm, a 
pulse width in the range of approximately 1 microsecond to. ^proximately. 1 
femtosecond, and a pulse repetition rate in the range of approximately 10 hertz to 
approximately 100 megahertz. 

3. The apparatus of claim 1, wherein the dispersion compensation 
scanner has a scanning resolution in the range of approximately 1 nm to 
approximately 100 microns depending on the scanning range. 

4. The apparatus of claim 1, wherein the scaiming random access 
.time of the dispersion conq)ensation scanner is in the range of approximately 1 
nanoseconds to 100 mio-oseconds. 

5. Tlie apparatus of claim 1, wherein a pulse energy and an 
intensity of the pulsed laser beam are sufBcient to nmchine a surface of wor^^ 
piece. 
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6. The sq[q?aiatiis of claim 5, whei^ 

nwc^initig lesolution in flie lange of appioximatdy O.QS microii to appronmaftely 
100 micron. 

7. The apparatus of claim 5, vdbeiein the apparatus has a spatial 
machining resolution of approximately one-tw^itiefh of a cross-sectional diameter 
of the pulsed laser beam in a focused state at the sur&ce of the wodc piece* 

8. The apparatus of claim 5, furtha con^smg a polarization 
conveiter that provides a polarization state to flie pulsed 1^^ 

9. The apparatus of claim 8, wherein the polarization converter is 
selected firom the group consisting of a quarter-wave plate, a half-wave plate, and 
a depolarizer. 

10. The apparatus of claim 8, \ri]^e]n the polarization converter is 
sdected to provide the polarization state dq»»ding upon a desired sbape of a 
machined feature to be generated on a sur&ce of the work piece or dependu^ upon 
an ablation fbteshold of the wodc piece. 

11. The apparatus of claun 8, wherein the polarization state is 
selected to be one of a linear polarization state for maduning an elliptical feature, 
a circular polarization state for machinmg a drcular featu^ 

polarization state for machining a circular feature. 

12. The iqpparatus of claim 8, flnlher comprising a beam filter that 
spatially filters tiie pulsed laser beam and provides the pulsed laser beam witii a 
desired cross-sectional size. 
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13. The sq^aratus of claim 12, wheidn tibe beam filter comprises: 

a pin hole with a diameter approximately equal to or greater fban a desired 
spot size of fbR pulsed laser beam when focused onto the work piece; 

a first focusiiig lens that focuses die pulsed laser beam onto t^ . 

a second focosing lens diat coUimates the pulsed laser beam raoanating 
fitnn the pin hole;'and 

' a diapluragm that blocks an out^port^n of the pulsed lase^ 
emanating from the second focusing lens. 

14. The s^aratus of claim 1, wherein the dispersion compensation 
seamier further comprises: 

a second scanning device that scans the pulsed laser beam in a second 
direction different from the first direction and that causes dispersion of the pulsed 
laser beam, wherein the first dispersion con^nsation device cconpensates for 
dispersion caused by both the first scanning device and the second scanning ^ 
device. 

15. The £^paratus of claim 14, wherein the first and second scanning 
devices are acoustooptic devices and wherein the first dispersion compensation 
device is a diffraction gratuig having a line spacing suitable for compensating the 
dispersion caused by ib& first and second scanning devices. 

16. The apparatus of claim 14, wh^ein the first scanning the device, 
the second scanning device and the first dispersion compensation device are 
acoustooptic devices. 

17. The apparatus of claim 16, wherein the first and second scanning 
devices are acoustooptic deflectors and wherein the first dispersion compensation 
device is an acoustooptic modulator that fiurfher provides modulation of the pulsed 
laser beam wherein the beam is selectively transmitted or blocked. 
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18. The appatatus of cl^m 16, wfaerein dispeisi<m c om pensa tk m 
provided by fhe first dispeisiim cmnpensadoii device lesdts in a di^^ 
below s^roximatety 30% over die.$i)tiie scan xaqge. 

19. The apparatus of claim 16, wherein the first and second scanidng 
devices are oriented such ibat Che first direction is perpendicular to the second 
direction and wherein die first dispersion concqpensafion device is oriented at an 
angle relative to the first scanning device sudi that the first dispersion 
compensatidn device produces a negative dispersion that counters the resultant 
diqpersi<»i caused by the first and second scanning devices. 

20. The ifiparatus of daim 16, whocin the first conqpensadon 
device, the first scanmng device and the second scanning device are made of the 
same material and have the same acoustic veloaty, and wherein the center acoustic 
ftequwjcy of the first condensation device is chosen such that diSpCTsion 
compensi^OT is opthm2«l for the entire scamiing range of die apparatus, ^ 

dispersion compensation device behig operated with the center fisquency of 
Z MHz, given by Z = JF+F . where X MHz and Y MHz are the center 

ftequencies of the first and second scanning devices, respectively. 

21. The ^aratus of clahn I, v*erein the dispersion compensation 

scanner further ccHipises: 

a second scannhig device that scans die pulsed laser beam in a second 

direction dirferent from the first direction and that causes dispersion of die pulsed 

las^beam: and 

a second dispersion condensation device diat compensates for dispersion 
caused by fiie second scamiing device. 
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22. The apparatos of claim 21, wheiein the first aiid 
devices aie acoustooptic devices and wheidn tlie first and second dispetsion 
conq>ensadon devices aie diffiacdon gradpgs havmg a line spadng smtabl^ for 
compensating the dispersion cansedby tfie first and second scanning devices* 

23. : The apparatus of claim 21, wheiein the first and second scanning 
devices and the first and second dispersion condensation devices are acoustooptic 
devices. 

24. The apparatus .of claini 23, wherein the first and scanmng devices 
are acoustooptic deflectors and wherein the first and second dispersion 
conq)eiisation devices are acoustooptic modulators that fiirfha provide modulation 
of the pulsed laser beam wherein the pulsed laser beam is selectively transmitted or 
blocked. 

25;. The apparatus of clann 23, wherein the first and second scanmng 
devices are oriented such that the first direction is perpendicular to the second 
direction and herein the first and second dispersion compensation devices are 
oriented such that a diirection of an acoustic wave in the first dispersion 
compensation device is perpendicular to a direction of an acoustic wave in the 
second dispersion con:4)ensation device, the first and second dispersion 
compensation devices producing a negative dispersion that counters the resultant 
dispersion caused by the first and second scanning devices. 

26. The apparatus of claim 23, wheiein dispersion con^nsation 
provided by the first and second dispersion compensation devices results in a 
dispersion error below approximately 30% over the entke scan range. 

27. The apparatus of claim 23, wherem the first and second 
compensation devices and the first and second scanning devices are made of the 
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same material and have flie same acoustic vdodly. and vrt^ 

frequency of the fiist aiKl second disperaioa compcDsatiOT 

fliat dispetdon con?)en5alion is optimized fiM flw entire scanning 

{^tpaiatus. . . 

28. A method of scanning a poised laser beam on a work ^ece for 

inacbdning or cleaning the work piece, comprising: 

anitting a pulsed laser beam from a laser source; 

focusing die pulsed laser beam on tiie woric piece; 
scanning the pulsed laser beam on the work piece using a first scanning 
device tiiat scans the pulsed laser beam m a first direction and that causes 

dispersion of die pulsed laser beam; and 

cqmr"»«tf"g for die dispersion caused by die first scanmng device ustog 
a first dispersion compensation device. 

29.. The mefliod of clahn 28, wherein die pulsed laser beam has a 
^veleogttiin the langeofapproximately 100 nm to approximately 1500 nm,a 
pulse width in flie range of !q»ptoximately 1 mi^econd to appro^ 
feintosecond. and apulse rcpetitioii rate mflie range of appro 

appiiodtaaieiy 80 m^iahertz. 

30. Themefliodofclahn28,furflierconq>rismgmachmhigasurfiu» 
of die work piece by ablating material ficom dxe surSace. 

31.. The mediodofcbihn 30, whenan die macMntag has a spatial 
resolution m tiie range of approxhnately 0.05 micron to approrimately 100 
micron. 
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32. The method of claim 30, forOier coii^^ 

polarization of the pulsed laser beam to a predetamixied polarization state prior to 
scanmng ttie pidsed laser beam on the work piece. 

33. The method of clahn 32, fiirtfiercon^rising selecting the 
predeterndned polarization state d^CTi^ng jsgoa a desired shape of a machiiied 
feature to be generated on the sur&ce of the work piece or deprading upon an 
ablation tioeshold of the work piece. 

34. The method of claim 32, further contprising spatially filtering tiie 
pulsed laser beam to provide the pulsed laser beam with a deshied cross-sectional 
size. 

35 . The method of claim 28 , further comprising: 

scanning the pulsed laser beam in a second direction different from the 
first direction using a second scannmg device that causes dispersion of flie pulsed., 
laser beam; and 

compensating for dispersion caused by bofli the first scannmg device and 
the second scanning device usmg the first dispersion compensation device. 

36. The method of claim 35, wherein the first scannmg the device, 
the second scannmg device and the first dispersion compensation device, are 
acoustooptic devices. 

37., The mefliodofclpm 36, further con?)rising modulating the 
pulsed laser beam using the first dispersion compensation device, the first 
dispersion compensation device befaig an acoustooptic modulator. 
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38* The method of daim 36, wfaecein disp^ion conq)eiisadon 
pnmded by ibo first dispersion oon^ensadoa devke results ia a dispersion error 
below 2q[»proximate1y 30% ova fbe entire scan range. 

39. The mefhod of claim 28, fiirflier comprising: 

scanniiig the poised laser beam in a second direcdon dififoient fcom fte 
first direction using a second scanning device fliat causes dispersion of the pulsed 
laser beam; and 

cqmpcnsating for dispersion caused by the second scanning device using a 
second dispersion compensation device. 

40. The method of claim 39, wherein the first and second scanning 
devices and the first and second dispersion compensation devices are acoustooptic 
devices, 

41. jhc method of claim 40, further con?«rising modular 
pulsed laser beam usmg the first and second dispersion compensation devices , the 
first and second dispersion compensation devices being acoustooptic modulators . 

42. The method of clahn 40, \rfierein dispersion compensation 
provided by tiie first and second dispersion con5)ensation devices results ma 
dispersion error below approxfanately 30% over flie entire scan range. 

43 . The method of claim 40, for use m the direct fabrication of a 
photomask, wherein said work piecQ comprises a substrate transparent to ultra 
violet (UV) radiation and a UV absorbmg layer disposed on said substrate , the 
method further comprising: 

controlling the energy of the ultrashort pulse laser beam such that the 
energy is sufficient to remove at least a portion of tiie UV absorbmg layer while 
not removing material from the substrate. 
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44. Hie method of claim 40» wherein said UV absorbing layer is 
selected fcpm fbe gnnq> consisttog of cbromium, gold, platinum, tongsten, 
molybdenam, and alloys thereof. ^ 

45. The mediod of claim 40, for use in cleaning at least a portion of 
tfie work piece, the method further ctm^rising: 

controlliqg the intensity of the pulsed laser beam sudi Oiat the GDsrgy 
deliveied to any location on fiie work piece is lower than an ablation threshold of 
d^ wodc piece, whereby contaminant particles are removed ISrom said at least a 
portion of the work piece. 

46. The method of claim 45, wherein said contaminant particles 
comprise particles smaller than approximately 100 nm in diameter. 
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